Biological Significance
Plant growth is directly dependent upon an adequate supply of fixed nitrogen. Water and fixed nitrogen are the most common limiting factors for plant growth. There is an abundance of nitrogen in the atmosphere, but it is in the form of the relatively inert gas, N 2 , and this must be converted chemically or biologically into a more active form before plants can utilize it. Chemical fixation most commonly is accomplished by the Haber process, which reduces N 2 to ammonia catalytically at high pressure and high temperature. More recent experiments indicate that N 2 in a complex with tungsten can react with H 2 in a ruthenium complex to yield ammonia under mild conditions, but this is not a commercialized process. When electrical current is inexpensive, it is practical to fix N 2 by oxidation to nitrate in an electrical discharge.
Chemical nitrogen fixation constitutes a major industry, as current fixation worldwide produces about 85 million metric tonnes of fixed nitrogen a year. Nitrogen fixed as ammonia may be added as anhydrous ammonia directly to soil as a fertilizer, or it can be converted to an ammonium salt, urea or nitrate before use. As fixation is an energydemanding process, chemical fixation uses large quantities of fossil fuels (commonly natural gas) with accompanying production of carbon dioxide. In contrast, biological fixation is innocuous ecologically. Although it is difficult to determine the amount of nitrogen fixed biologically, estimates suggest that perhaps 150 million metric tonnes are fixed worldwide annually, or about twice the amount fixed by the chemical industry. Blue-green algae (Cyanobacteria spp.) are active fixers in the oceans, but they are dispersed, so the amount of nitrogen they fix can only be estimated roughly.
Early Studies
Although farmers as early as the Roman era used crop rotation between nitrogen-fixing and non-nitrogen-fixing plants, the basis of the beneficial effects of the practice was not understood. In the 1840s, Boussingault in France presented evidence that leguminous plants could fix N 2 , but his observations were contested until the experiments of Hellriegel and Wilfarth, reported in 1886, convinced the sceptics. These investigators demonstrated that leguminous plants (pea plants were used) in association with rootnodule bacteria formed a symbiotic system in root nodules that clearly was capable of fixing N 2 and converting it to forms that were used by the plants. This led later to the practice of inoculating leguminous seeds with the rootnodule bacteria (Rhizobium spp.) at the time of planting to ensure that N 2 -fixing nodules would be formed on the roots of the legumes.
Symbiotic Nitrogen Fixation
The rhizobia fix N 2 in a symbiotic association with the leguminous plants; the plants furnish the energy via photosynthesis to drive the process, and the bacteria fix the N 2 . There are upwards of 13 000 described species of legumes, and most of these can fix N 2 in association with the proper rhizobia. Common legumes you may recognize include peas, beans, soya beans, alfalfa, clover, vetch, lupines and peanuts. The rhizobia have long been classified on the basis of the legumes they infect (e.g. Rhizobium trifolii for clovers and Rhizobium japonicum for soya beans). The plants were divided into 'cross-inoculation groups', and a given rhizobium species would inoculate plants within a cross-inoculation group. More recent information on the genetic make-up of the microorganisms has led to major changes in their classification, but the cross-inoculation groups still furnish a practical basis for supplying legume inoculants.
The fact that an organism nodulates a leguminous plant does not ensure that the association will be highly effective in N 2 fixation. Differences in the effectiveness of the bacteria are referred to as 'strain variation'. A good strain on one legume may not be particularly effective on another . Nitrogen Fixation and the Ecosystem legume species that it infects; this variation is described as 'host plant specificity'. As the basis for these differences remains unclear, selection of highly effective rhizobia for a particular plant is still based on empirical data, and the commercial inocula consist of mixtures of selected strains of effective rhizobia. For commercial distribution of the rhizobia, the organisms are grown in large batches of liquid media, mixed, and then commonly incorporated into a peat base to keep them viable for shipment and sale. With recent changes in planting and cropping techniques, there has been some movement toward the use of liquid inoculants. These can conveniently be applied and allowed to dry on seeds before planting, or they can be injected into the furrow where the seeds are planted.
Nodulation of legume roots follows a very specific pattern. Infection by the rhizobia involves chemotaxis of the organisms to the roots, apparently in response to excretion of organic acids, amino acids, sugars and flavonoids by the roots. Root exudate induces nod gene activation, which in turn induces nodulation and related processes, apparently induced by lipochitin oligosaccharides. In response to flavonoids from legume roots, the rhizobia produce lipooligosaccharides (termed Nod factors) that function to induce the production of root nodules. Changes involve root hair deformation, bacterial entry into the root, and inner cortical cell division leading to nodule formation. Infection threads form in the plant through which the bacteria move to invade the root tissue and induce controlled production of a nodule. The bacteria are altered to a form termed bacteroids. They are capable of fixing N 2 , and are localized in peribacteroid membranes to form symbiosomes. The symbiosome membrane is involved in transport of products to and from the bacteroids. As the bacteria change to the bacteroid form, the peribacteroid membrane also changes in composition. The nodule remains connected to the vascular system of the plant, and this permits it to receive photosynthate to drive the fixation reaction, and to export fixed nitrogen compounds for the nutrition of the host plant. Nodules are produced in two forms: indeterminate cylindrical nodules (e.g. alfalfa) and determinate spherical nodules (e.g. soya bean). Determinate and indeterminate nodules originate from different types of cortical cells.
The inside of leguminous root nodules is distinctly red or pink. The colour results from the presence of haemoglobin in nodules. Nitrogenase is inactivated by oxygen, but its high demand for energy for N 2 fixation is satisfied in nodules by aerobic respiration, primarily through the cytochrome system. The system involves the haem]copper oxidase and apparently two cytochrome c-type electron carriers. The system has a high affinity for oxygen. The haemoglobin in nodules is very similar in its basic structure to the haemoglobin of blood, but it has a higher affinity for oxygen. Nodule haemoglobin aids in the transfer of oxygen from the outside to the interior of the root nodules; there it releases oxygen at a level adequate for supporting respiratory energy generation via the cytochrome oxidase system, but too low to inactivate nitrogenase.
Although the rhizobia fix N 2 actively in the root nodules of legumes, when they are isolated and cultured in the usual fashion in the laboratory they usually do not fix. This point was controversial for many years; there were periodic reports of fixation by free-living rhizobia, but such reports were not verified. Finally, in 1985, three laboratories reported simultaneously, in an issue of Nature, that they had established that the cultivation of rhizobia on a substrate such as succinic acid at low oxygen pressure supported biological fixation of N 2 . These results have proved reproducible in other laboratories. Sesbania rostrata presents a special case, as the infecting organism, Azorhizobium caulinodans, produces nodules on the plant stem, and it also fixes N 2 as a free-living organism.
It has been shown that there are about 200 species of nonleguminous plants that in association with actinorhizal microorganisms of the genus Frankia form nodules and fix N 2 . Alnus glutinosa, the alder, belongs in this group and has very wide distribution. Other examples of genera are: Comptonia, Hippophae, Purshia and Ceanothus. Some of these actinorhizal plants are especially attractive for cultivation, because they thrive under arid conditions.
Free-living Nitrogen Fixers
Although agricultural studies have emphasized symbiotic N 2 fixation, there are a variety of free-living microorganisms that also fix N 2 . The first clearly established organism was Clostridium pasteurianum, an anaerobic bacterium. In 1901 Azotobacter chroococcum, a free-living, aerobic N 2 fixer was described, and many other microorganisms with this capability have since been established. These are usually the organisms of choice for laboratory investigation of the details of biological N 2 fixation, as they grow rapidly and are much easier to manipulate than the symbiotic associations. The symbiotic and free-living systems are basically the same at the enzymatic level.
Although free-living, N 2 -fixing microorganisms are widely distributed in soils, the quantity of N 2 they fix seldom approaches that of the symbiotic systems. Whereas one anticipates a fixation of 100]200 kg of N fixed annually per hectare from a highly effective symbiotic association, one may find only 1]5 kg of N fixed per hectare by the freeliving microorganisms. It is not that they are inherently incapable of vigorous fixation, but abundant substrates to support their growth and fixation are commonly lacking in the soil. In the laboratory, organisms such as Azotobacter vinelandii grow vigorously and fix N 2 actively when supplied a substrate such as a sugar or an organic acid. In leguminous systems, substrates photosynthesized by the host plant are transported directly to the root nodules to support fixation by the rhizobia.
Nitrogen Fixation Associative Nitrogen Fixation
There is an intermediate biological system referred to as associative N 2 fixation, and perhaps the best example of this is in sugar cane. There an organism such as Acetobacter diazotrophicus can become established in stems of the cane. No specific structure, like the root nodule of leguminous plants, is formed, but the acetobacter enjoy an abundance of sugar to support their vigorous growth and N 2 fixation. A portion of the fixed N compounds they generate is supplied into and distributed through the stem of the sugar cane. Fixation of as much as 150 kg N per hectare in the crop has been reported.
Mechanism of Nitrogen Fixation
There was little study of the mechanism of biological N 2 fixation before 1930, although there was speculation about the products of the process. P.W. Wilson reviewed the early history of studies of the biochemistry of the process in 1940. His group established that the level of N 2 necessary to give a half-maximum rate of N 2 fixation in red clover was about 0.05 atmosphere of N 2 . An elevated level of oxygen was inhibitory to the process. One of their most interesting observations was that molecular hydrogen (H 2 ) is a specific and competitive inhibitor of biological N 2 fixation, despite the fact that it is an obligatory product of the fixation reaction.
Certain N 2 -fixing organisms have been favoured for study of the fixation process. In the symbiotic system, clover, soya beans and alfalfa have often been used because of their economic importance. Among the free-living fixers, Azotobacter vinelandii has been chosen as a rapidly growing aerobic organism, Clostridium pasteurianum as a representative anaerobic N 2 fixer, Rhodospirillum rubrum as a photosynthetic N 2 fixer, and Klebsiella pneumoniae because its genetic system has been investigated extensively. Studies of the associative N 2 fixers have centred on Azospirillum spp. and Acetobacter diazotrophicus, because of its role in association with sugar cane and its ability to operate under unusually acidic conditions.
Although there were early suggestions by Winogradsky and others that ammonia was the product of biological N 2 fixation, the evidence was indirect and not convincing. In the 1930s, A.I. Virtanen and co-workers made a strong plea for hydroxylamine as the primary product of the reaction. In 1938 Virtanen postulated that hydroxylamine combined with oxalacetic acid to form an oxime, which was then reduced to aspartic acid. The inability of others to repeat his experimental findings weakened his position. More definitive data on intermediates were obtained by application of 15 N, the less abundant stable isotope of nitrogen. The stable isotope 15 N serves as a sensitive and specific tracer for biological N 2 fixation. Initially there was a worry that an exchange reaction might be catalysed by nitrogenase, and that this would invalidate use of 15 N as a tracer. This possibility was tested by generating N 2 from 15 N-enriched ammonium salts. When this N 2 was mixed with normal N 2 , a nonequilibrium mixture of N 2 masses 28, 29 and 30 was formed. If this mixture was fixed without exchange, the 28, 29 and 30 balance in the gas phase would remain unchanged. If an exchange occurred with the dissociation and reassociation of the N 2 bonds, equilibration toward the normal equilibrium distribution of masses 28, 29 and 30 would occur, and this could be detected readily by mass spectrometric measurement of the three masses. No evidence of exchange was found, thus validating the use of 15 N as a tracer for N 2 fixation. When N 2 -fixing Azotobacter vinelandii was exposed to 15 N-enriched N 2 for a short time and then was fractionated into its nitrogenous components, the highest concentration of 15 N appeared in glutamic acid, a response compatible with the suggestion that the first demonstrable product of biological N 2 fixation was ammonia rather than hydroxylamine. Later experiments supported this conclusion.
In the use of 15 N as a tracer, one normally analyses for the concentration of 15 N with a mass spectrometer, although it is possible to use emission spectroscopy with substantially lower precision. Nitrogenous tissues from experiments can be digested and distilled to yield ammonia by Kjeldahl analysis procedures. The distilled ammonia can be captured in acid, concentrated, and converted conveniently to N 2 for mass analysis by oxidation with alkaline hypobromite in an evacuated tube. The N 2 then can be admitted to the mass spectrometer to determine the abundance of 
Enzymology of Nitrogen Fixation
To define the path of N 2 fixation in greater detail, it was necessary to produce cell-free preparations capable of N 2 fixation. Although a number of preparations were reported to fix 15 N 2 , the fixation responses were erratic. Early attempts to produce active cell-free preparations of nitrogenase often were unsuccessful because of the oxygen-lability of the enzyme system. In its preparation one must carefully exclude oxygen to prevent irreversible inactivation. The judicious use of sodium dithionite or dithiothreitol can aid in maintaining anaerobic conditions during the preparation. Purifications were usually attempted at low temperatures, but some preparations of dinitrogenase reductase are cold-labile. The first reproducible preparations of nitrogenase employed drying in a rotary evaporator at 408C. In 1960 consistent fixation was obtained with cell-free preparations from the anaerobic N 2 -fixer, Clostridium pasteurianum. These enzymatic preparations consisted of two proteins functioning together to reduce N 2 . Several research groups purified the enzymes and demonstrated that one enzyme was a molybdenum]iron protein (given several names, but generally known as component 1 or dinitrogenase), and the other enzyme was an iron protein (component 2 or dinitrogenase reductase).
Dinitrogenase plus dinitrogenase reductase constitutes nitrogenase. The tertiary structures of the components have been established. The usual molybdenum]iron protein is an a2b2 tetramer containing two molybdenum and about 30 iron and acid-labile sulfur atoms. It carries the FeMoco unit considered to be the active site, and an FeS cluster referred to as the P cluster. The dinitrogenase reductase has two identical subunits that carry a 4Fe4S cluster bonded in common by four cysteine residues. This 4Fe4S site appears to be modified when ATP binds and reduces the potential of dinitrogenase reductase.
Adenosine triphosphate (ATP) furnishes the energy to drive reduction of N 2 . ATP binds to dinitrogenase reductase, lowers its potential, the dinitrogenase reductase then forms a complex with dinitrogenase, and an electron is passed to dinitrogenase with the hydrolysis of two ATP per electron passed. The process is repeated until the dinitrogenase has accumulated eight electrons, whereupon it can reduce N 2 with the concomitant production of H 2 . If one establishes ideal conditions in the laboratory, 16 ATP are hydrolysed in the reduction of one N 2 ; under natural conditions probably 20 to 30 ATP are needed. To establish the path of electron transfer in the nitrogenase system, it was helpful to employ low-temperature electron paramagnetic resonance (EPR) measurements, as the EPR spectra change with the oxidation]reduction state of the enzyme components.
Hydrogen production is an obligatory part of the nitrogenase reaction, and it consumes two of the eight electrons even at the highest pressures of N 2 . As at least 25% of the energy of N 2 fixation is expended in the production of H 2 , this obligatory production of H 2 constitutes a substantial loss of energy. Some of this energy can be conserved if the H 2 is oxidized back to water and the process is coupled to ATP formation. Certain rhizobia have this capability, the so-called hup-positive strains, and there is evidence that hup-positive strains have enhanced overall symbiotic efficiency. It has been reported that at least 18 genes are necessary for synthesis, assembly and regulation of the hydrogenase system that recycles H 2 generated by the nitrogenase system.
As indicated, iron and molybdenum serve at the active site in most nitrogenases. This site is established by insertion of a cofactor known as FeMoco. It can be removed from the active site to inactivate and can then be replaced to reactivate the N 2 -fixation system. Although the iron]molybdenum form of dinitrogenase is the predominant form in nature, there is a functional nitrogenase that has a comparable iron]vanadium unit and another that has iron only.
Control of Nitrogenase
As indicated, the reduction of one N 2 molecule by nitrogenase requires the energy of at least 16 ATP, or 2 ATP for each electron involved in the reduction. Fortunately, this energy is conserved when some N 2 -fixing organisms are supplied a fixed N source such as ammonium ions. When an organism such as Azospirillum brasilense is supplied ammonium ions, it can turn its N 2 -fixing system off in minutes, and when the ammonium ion supply is exhausted, it can turn the fixation system back on promptly. The inactivation is accomplished by adding an ADP-ribose group to arginine 100 of one of the two equal halves of dinitrogenase reductase; the inactivating enzyme is termed dinitrogenase reductase ADP-ribosyl transferase (DRAT). Dinitrogenase reductase is an enzyme with a molecular mass of about 60 000 Da, and it has two equivalent subunits. When the enzyme is inactivated by DRAT, only one of these subunits is affected by the addition of an ADP-ribosyl group. Reactivation is accomplished by removing the ADP-ribosyl group through the action of the enzyme dinitrogenase reductase-activating glycohydrolase (DRAG). Not all N 2 -fixers have this system, but in some cases it has been possible to install the missing system by genetic transfer.
Alternative Substrates
Nitrogenase is a versatile enzyme system. Fixation of N 2 is its most important capability, but in addition it can reduce a variety of other compounds. The first alternative substrate reported was nitrous oxide, but nitrogenase also can reduce protons, acetylene, cyanide, methylisocyanide, azide, cyclopropene, cyanamid, diazarene and dimethyldiazene. Most of these reductions are laboratory curiosities, but acetylene reduction produces ethylene, which can be detected simply and with great sensitivity by gas chromatography. Acetylene reduction provides a very useful method for measuring nitrogenase activity, and it has been widely adopted both for laboratory and field work. The reduction of 15 N-enriched N 2 remains the more specific tracer for N 2 fixation, but the 15 N method is more costly and demanding of time and equipment.
Inhibitors of Nitrogen Fixation
A variety of inhibitors will block N 2 fixation by preventing the metabolism of substrates responsible for generating the Nitrogen Fixation ATP required to drive the reaction. More informative are specific, competitive inhibitors such as H 2 . It was surprising to find that H 2 inhibited nitrogenase, and although it was a specific and competitive inhibitor, the mechanism of its action was not readily apparent. When nitrogenase is exposed to D 2 (the heavy, stable isotope of hydrogen) in the presence of N 2 , it forms HD. This reaction proved to be the key to establishing that H 2 inhibition is the result of a sequential, ordered reaction in which H 2 must bind first before N 2 binds to nitrogenase. Nitrous oxide (N 2 O) is a substrate for nitrogenase, and it also is a competitive inhibitor of N 2 ; N 2 is a competitive inhibitor of N 2 O when N 2 O serves as a substrate for nitrogenase. Acetylene is noncompetitive with N 2 , but N 2 is competitive when acetylene serves as the substrate for nitrogenase. Nitric oxide (NO) is a potent noncompetitive inhibitor for the reduction of both N 2 and N 2 O.
Genetics of the Nitrogen-fixing Systems
There are 20 well-defined genes involved in establishing the N 2 -fixing system, and apparently other less well-defined genes also function. The genes of Klebsiella pneumoniae have been studied most thoroughly, and nucleotide sequences are available for all 20 genes. The structural gene for dinitrogenase reductase is nifH, and it also is required in FeMoco biosynthesis. The structural genes for dinitrogenase are nifD for the a subunit and nifK for the b subunit. Specific functions have been assigned for most of the 20 genes. The literature on the genetics of the nitrogenase system is expanding rapidly, as genetic manipulations constitute a very useful tool for establishing details of nitrogenase activity.
Nitrogen Fixation and the Ecosystem
There are a number of N 2 -fixing trees that can be exploited in restoring forests in areas of deficient soils. It is not only legumes, such as the locust tree, that can be utilized, but alders and other trees that are nodulated by actinorhizal organisms of the Frankia group can also grow under diverse and often difficult conditions. An unusually interesting tree is Parasponia parviflora; it represents the rare case of a nonleguminous plant that is nodulated by rhizobia and fixes N 2 .
In the restoration of damaged ecosystems, N 2 -fixing plants of many types can play an important role in furnishing a crucial nutrient in associated growth of a mixed flora. Mixed cropping of legumes and nonlegumes remains a common practice in agricultural systems, as does alternate cropping of legumes and nonlegumes in successive seasons. Perennial crops, such as alfalfa, fix N 2 vigorously and protect the soil from the erosion that accompanies annual ploughing.
Supplying protein to the earth's expanding population will require substantial increases in crop production. Increases in recent years have been based largely on increased use of chemically fixed nitrogenous fertilizers. Future increases must face the fact that the area of crop land is decreasing in most countries, and that crop lands are being degraded in many areas. An increase in the use of leguminous crops can aid in slowing the need for chemical N 2 fixation and its accompanying generation of carbon dioxide and depletion of fossil fuels.
